Abstract. In-line and reflective semiconductor optical amplifiers (SOA and RSOA) 
Introduction
In-line and reflective semiconductor optical amplifiers (SOAs and RSOAs) turn out to be key components for 60GHz Radio over Fibre systems (60G-RoF) and new generation, wavelength division multiplexed passive optical networks (WDM-PON) since they allow for directlymodulated colorless transceivers.
RSOAs and SOAs have demonstrated their multifunctional capability by combining optical amplification with either modulation [1] , gating, photodetection [2] , dispersion compensation [3] , linearization [4] , commutation, wavelength conversion, signal regeneration, etc. It is a semiconductor based, small size, low cost, current driven device. (R)SOA-modulator requires low modulation power, and the detected electrical power is high because of the optical gain in contrary to the optical insertion loss of other modulators. However modulation bandwidth of RSOA is usually limited to around 1÷3 GHz. Increasing the modulation bandwidth of RSOA is still a challenge.
The remainder of the paper is organized as follows. Section 2 presents calculation and experimental results, which show the effects of different internal device parameters and environmental conditions. Section 3 provides some background on novel, off-set filtering technique. Section 4 describes the simulation environment. Finally, Section 5 presents the simulation results.
Optimized Device and System Parameters
The frequency response of a semiconductor optical amplifier has a smooth roll-off with no relaxation oscillation peak, while its modulation has a good linearity similar to the laser diode. The modulation bandwidth of SOA or RSOA is limited by the speed at which the carrier density can be changed. This is usually determined by the lifetime of the carriers in the active layer. The typical value of carrier lifetime is about 300 ps and the value of the bandwidth is in the gigahertz range. It can be improved by saturation and propagation effects. Under the influence of higher optical intensities the stimulated lifetime will dominate and the bandwidth extended to 100 GHz regime.
So, carrier lifetime is mainly governed by the emission rate [5] . Based on it, the operational and environmental parameters can be optimized from the view point of the modulation speed. These methods were investigated by simulation and experimental work.
Calculation Model
The applied model used the wave and rate equations. An optical field which propagates along a travelling wave semiconductor optical amplifier was considered in the model. The interaction of light with carriers in the SOA is governed by the carrier rate and field propagation wave equations. The amplifier's output power is calculated by solving numerically the coupled rate and wave equations [5] . First the operating point is calculated by a steady state consideration. Next a change in the carrier density around the mean value was considered due to a change in the injected signal and the differential equation was obtained. The associated change in the stimulated and spontaneous emissions can be calculated.
where N is the carrier density, I is the injection current, q is the electron charge, A is the volume of active layer, R sp (N) is the spontaneous recombination rate, v g is group velocity, Γ is the optical confinement factor, g m is the material gain, α is the internal loss, S is the photon flux density, t is the local time, z is the spatial coordinate along the amplifier.
In case of modulation, the current is divided into DC and radiofrequency modulation parts. So carrier and photon densities include DC and modulation parts, too.
.
So, the modulation amplitude of the photon density can be calculated at the output of the device.
where g sat is the saturated gain, S sat is the saturated photon flux density, τ s is the carrier lifetime, a is the differential gain, j is the imaginary unit.
The carrier density is non-uniform along the SOA active region. So the device is divided into many longitudinal sections and the applied model assumes both uniform carrier and photon densities in each section. The sectioned amplifier cavity is used to account for longitudinal effects; and the spatial variation of the material gain and other parameters of the SOA can be captured. Consequently, the propagation effect can be simulated by this method. The suitable adjustment of the model parameters enables the simulation of both in-line and reflective amplifiers. However the effect of spatial dependence in an in-line device is more significant than in a reflective device. 3-dB and 10-dB modulation bandwidths can be detected from the simulated transfer function. The equation suggests that an increased bandwidth will be obtained with increased current, input optical power, differential gain and confinement factor. So, the length of the RSOA can be enlarged to increase photon density, hence reducing carrier lifetime. The bandwidth increases versus device length. The slope is higher in case of lower internal loss. On the other hand, the bandwidth decreases versus internal loss. Namely it is improved by higher optical intensities. The modulation bandwidth is extended if we take into account propagation effect.
The simulation results in Fig. 1 . show that bandwidth is improved and a resonance can be observed as device length increases. On the other hand, lower attenuation, namely higher intensity also improves the bandwidth.
Experimental Validation
The frequency response of the RSOA can be measured by modulating the carrier density. During the experimental work the RSOA-modulator under test was driven by the sum of bias current and sinusoidal modulation radio frequency signal via a bias tee. The frequency of the modulation signal is swept, and the detected electrical signal is registered at the electrical output. The amplitude and shape of the transfer function mainly depend on input optical power and bias current. Figure 2 shows the relative modulation bandwidth versus bias current as a function of the input optical power. The improvement of the bandwidth is approximately directly proportional to the bias current. The slope of the curve is higher in the saturation regime, practically in case of higher input power. So, the effect is more significant in the saturated regime.
In Fig. 3 the relative bandwidth versus input optical power curve is plotted. The modulation bandwidth is constant in the unsaturated regime. However it can be extended by about 70 percent compared with the unsaturated value in the saturated regime.
The simulation and experimental investigation confirmed the effects of device and system parameters. The modulation speed can be improved by proper selection of the parameters. However, the realized bandwidth is not enough for future, high speed applications. Further bandwidth improvement methods are needed.
Phase-to-Intensity Conversion
Bandwidth enhancement can be also achieved by means of optical equalization thanks to the chirping characteristics of the device [6] . Direct modulation of a (R)SOA produces optical signals modulated both in amplitude and phase [1] . The amplitude modulation is received by direct detection, when the effective modulation bandwidth is limited by the frequency response of the (R)SOA. On the other hand, phase modulation is disregarded. The main idea is, that the phase modulated information can be converted to amplitude modulation. The intensity modulation is low pass type. If the converted phase modulation causes high pass filtering, the bandwidth of the whole transfer function will be enhanced. The conversion compensates the limitation of amplitude modulation bandwidth and effectively extends the overall frequency response of the system. The method combines the low-pass response of the (R)SOA and the high-pass response added by the converted phase modulation.
The phase-to-intensity (PM-IM) modulation conversion has been used in the microwave techniques for a long time. It is also useful for phase noise measurement in optical communication, where an optical frequency discriminator is utilized to transfer the fluctuations of the optical frequency into intensity variations.
The frequency discriminator is characterized by its sensitivity or discrimination slope (D in [W/Hz]) [11] .
where ΔPower is the intensity variation and ΔPhase is the phase variation. It shows the ability to convert phase fluctuations of the input signal into variations of the output power. So, higher discriminator slope implements better conversion and linear transmission versus frequency profile is desired.
Phase-to-intensity conversion can be realized by signal propagation over an optical fiber, but it is not effective. Other solution is the application of an optical frequency discriminator, which can be realized by frequency selective attenuation, practically by an optical filter. The MachZehnder interferometer was first suggested, but it has high nonlinearity and it creates high distortion components. Several other solutions were proposed like Fabry-Perot interferometer, fiber bragg grating and ring resonators. Anyhow, linear demodulation could be accomplished by a linear transfer function. So high-order filter could be used to implement it.
So, an optical filter with a suitable slope provides such PM-IM conversion. Any filter (low-pass, high-pass, band-pass) can provide this condition. In the used optical spectrum this function can be realized by applying an optical band pass filter detuned from the carrier frequency of the optical signal. This approach is called set-off filtering [7] . And proper set-off filtering could improve the transmission performance.
The optimal transfer function of the optical filter, including detuning, optical bandwidth, transitions and type of the optical filter have to be chosen carefully. Moreover, the parameters of the optical filter are not independent. The narrower bandwidth of the filter usually induces a steeper slope. On the other hand, wide tolerance to the wavelength detuning is important, because it removes the need for electronic equalization. Set-off filtering induces extra loss and the PM-IM conversion demands steep slope. The trade-off between the minimal extra loss and optimal slope of the curve is important. Comparison of positive and negative frequency deviations at the rising and falling edges is also relevant. Both of them can be exploited; but for positive frequency detuning, the signal lower frequencies are reduced; while for negative detuning the signal higher frequency components are limited. 
Simulation Setup
The simulations were implemented in Virtual Photonics Transmission Maker 9.0 simulation environment. The simulation set-up followed the typical architecture of the optical access network. The continuous wave optical signal is generated by a laser diode. Due to the chirp effect, it is intensity-and phase-modulated by RSOA. The intensityand phase-modulated and reflected signal is separated from the incident optical signal by an optical circulator. The signal is sent through the set-off optical filter and it is detected by a high speed photodiode. Figure 4 presents the simplified block diagram of the simulation system. The blocks are described in greater details in Sec. 4.1-4.4.
Amplifier Chirp
The optical gain of a laser amplifier is affected in both magnitude and phase via the modulation of the complex refractive index caused by the electron density modulation. In other words, direct current modulation is associated with a carrier density variation, which causes a chirp accompanying the intensity modulated signal. The adiabatic chirp refers to a shift between the emissions frequencies of the two signal levels; it is proportional with the optical power.
The transient chirp appears at the rising and falling edges of the modulated signal and it depends on the first time derivative of the emitted power. Hence, its time duration and magnitude are determined by the modulation bandwidth of the device.
Chirp effect can be modeled using Linewidth Enhancement Factor approximation. The chirp parameter is the ratio of the amplitude modulation and the phase modulation. It is expressed as
where λ is the lasing wavelength, N is the carrier density, n is the refractive index and g is differential gain.
Measurements can be found in the literature and have shown that LEF changes depending on several parameters such as bias current, wavelength and input optical power. In the unsaturated region the LEF value ranges from 2 to 7 for GaAs and GaInAsP bulk devices and from 1.5 to 2 for quantum well structures [8] . However, the chirping parameter which is positive for light sources and unsaturated optical amplifiers is negative for saturated amplifiers [9] . The saturated chirp parameter can be calculated as
where G is the optical gain in dB and P in is the input optical power in dBm.
The gain variation and the phase variation of the device can be expressed as
where ΔG is the optical gain variation, ΔΦ is the phase variation of the output optical signal, N is the carrier density, q is the electron charge, Γ is the light confinement factor, L is the device length.
Phase-to-Intensity Conversion
The phase-to-intensity conversion is realized by frequency discriminator. The discriminator has a frequency dependent amplitude transfer function. The slope of the function converts the variation in the optical frequency into variation in the amplitude. Sidebands of a frequency modulated signal possess certain amplitude and phase relationships among themselves such that the envelope of the signal is independent of time. A discriminator works by modifying these phase and amplitude relationships such that the amplitude of the envelope of the resultant signal fluctuates in the same manner versus time as the instantaneous frequency of the original signal did. It suggests that functions with larger slopes will have better conversion efficiency. And the IM signal is distorted by the nonlinearities.
Practical optical filters are coherent, because of the long coherence lengths of lasers. So, it is analyzed by electric field amplitude and phase. The chirped optical signal that is phase-and intensity-modulated by sinusoidal tone can be represented by the electrical field:
where P opt is the average optical power, ω c is the angular frequency of the optical carrier, β is the angle modulation depth, ω is the modulation angular frequency, m represents the intensity modulation depth and φ is the phase difference between the phase and intensity modulations.
Applying the Jacobi-Anger expansion the electrical field at the output of the filter can be expressed as an infinite weighted sum over sidebands. At the output of the photodetector the signal current at the modulation frequency is [10] :
where R is the responsivity of the photodetector, j is the imaginary unit, X and Y are complex constants of the filter and Re{} means the real part.
Consequently, the optical signal at the output of the detuned filter can be written:
where att is the attenuation of the filter and slope is the slope of the filter, P in is the optical power at filter input, Δf is the frequency variation, which is the derivation of phase variation.
In terms of Fourier transform it can be expressed as
The term (jω) means a high pass contribution, which represents the phase-to-intensity converted term. It is contrast with the low lass response in the intensity modulated term.
Optical Filters
Three filter types were investigated, which had different transfer functions. The parameters of the investigated optical filters were limited by practical considerations. In fact, a physically realizable optical filter must be chosen.
The rectangular filter passes the signal unaltered in the pass band and reduces the power by a given attenuation outside this range. The transition is ideal and the phase response is constant. Hence this filter is not applicable for PM-AM conversion. The trapezoidal filter provides similar transmission as the rectangular one, but with some transition band. It is an ideal filter within pass band, an arbitrary attenuation at stop band and linearly increasing attenuation at transition from the pass band to stop band. Because of its ideal feature simulations were carried out to examine the filter roles and the required bandwidth, set-off frequency and slope of the filter. In the simulation the filter's attenuation in the stop band was 50 dB, the filter's bandwidth was set 20 GHz. The frequency detuning between the CW seeding optical frequency and the optical filter centre frequency was swept from -30 GHz to 30 GHz. In the other words, both positive and negative set-offs were investigated. On the other hand, 5, 2.5 and 1 dB/GHz filter slopes were studied.
Butterworth Filter is a real optical filter type, which has maximally flat band pass. It has smaller slope between the pass band and the stop band, than the trapezoidal filter. So it is more sensitive for the value of the set-off frequency. This filter has the flattest possible pass-band magnitude response. Attenuation is -3 dB at the design cut-off frequency. Attenuation beyond the cut-off frequency is a moderately steep -20 dB/decade/pole. The pulse response of the Butterworth filter has moderate overshoot and ringing. The simulated filter was the fifth order Butterworth filter and its centre frequency was also set-off by 23 GHz with a bandwidth of 20 GHz. In the effective optical band its slope was similar to the trapezoid slope (Fig. 5) .
Next, an optical filter with Gaussian amplitude and zero phase of the transfer function was investigated. Application of Gaussian shaped optical filter is more realistic, because it is commercially available. For example Array Waveguide Grating (AWG) has near Gaussian shape. The simulated filter was 1.5 order Gaussian type and the centre frequency was also set-off by 23 GHz with a bandwidth of 20 GHz. In the used optical band the slope was similar to the trapezoid slope (Fig. 5.) .
Chromatic Dispersion
The signal shape changes because of the dispersion as the signal propagates over various fiber distances. Chromatic dispersion significantly limits the modulation bandwidth in case of long optical link, because the different spectral components travel with different velocities and phase difference is observed between the components. The frequency transfer function of the optical link can be written: 
  
where D is the fiber dispersion, L is the fiber length, f is the modulation frequency, c is the light speed in vacuum, λ is the operating wavelength. So, periodic reduction of the transfer function is observed.
Additionally, chirped (intensity-and phase-modulated) signal has more spectral components, it has wider optical band. Consequently, the chromatic dispersion limits the system at shorter length. It affects the optimal optical filter parameters. Small filter offset variations around the optimum offset value result in significant signal degradation. In other words, accurate and stable filter tuning is required to assure optimum performance.
Simulation Results
First, trapezoidal optical filter was applied and short range fiber link was simulated. Figure 6 shows the PM-IM conversion function applying different slope trapezoidal optical filters. The PM-AM conversion produces high pass filter transfer function. The slope of the conversion curve is higher as the slope of the optical filter increases. So, higher discriminator slope implements better conversion. Next, the transfer function of the system was simulated. Figure 7 represents the transfer function of the system in case of different optical filter slopes (different PM-IM conversion). The modulation bandwidth is increased as the slope of the optical filter increased. The bandwidth roughly goes with the square of the slope of the optical filter (Fig. 8) .
The bandwidth improvement is more effective after transmission over long standard single mode fiber. In this case the low-pass response without off-filtering is reduced by the combined effect of chirp and chromatic dispersion (Fig. 9) . The effect is similar for SOA based dispersion compensation, where the chirp of SOA produces optical predistortion, which decreases the degradation effect of dispersion [3] . The improvements of the effective modulation bandwidth as a function of the detuning between the centre frequencies of the optical filter and the optical signal were characterized. Figure 10 represents three detuning cases from no set-off detuning (pure IM) to the maximum allowed detuning. The results validate, that detuning method increases the modulation bandwidth, the optimal detuning value was 23 GHz. Extended smooth transmission function provides better bit error rate at high data speed. Figure 11 compares the efficiency of 3 types (trapezoidal, Gaussian and Butterworth) optical filter applied for The figure represents relative frequency responses of the whole system for easier comparison of bandwidth. Another important finding is that higher detuning results in higher insertion loss of the optical filter. The power penalty depends on the slope of the optical filter. However, high slope is necessary for high conversion efficiency. So, it is a trade-off between conversion efficiency and insertion loss.
Conclusion
This paper has provided a summary of the work, which proves the importance of electrical modulation bandwidth investigation of RSOA based external intensity modulators in next generation optical access networks. Both baseband modulated WDM-PON and high speed WDM-RoF applying Subcarrier Multiplexing systems require high modulation speed. (R)SOA-modulators have several advantages, but the main limitation is the relatively low modulation bandwidth (on the order of GHz). Bandwidth enhancement can be achieved by means of optical equalization thanks to the chirping characteristics of RSOA. Direct modulation of RSOA produces optical signal modulated both in amplitude and phase. The limited modulation transfer function can be combined with the converted phase modulation transfer function. The investigation of optical filter with optimal slope for providing a phase-to-amplitude conversion is a crucial challenge.
The paper presented theoretical, simulation and experimental investigation of the proposed approach. The presented simulations describe the slope dependence of the modulation band. The model can take into account the different type of realizable optical filters. However there is a trade-off between modulation efficiency and modulation bandwidth due to the extra insertion loss of the set-off optical filter. The obtained results suggest that the methods enable the use of the RSOA as intensity modulator with improved performance at an extended data rate.
